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Edited by Maurice MontalAbstract Long-chain N-acylethanolamines (NAEs) have been
found to uncouple oxidative phosphorylation and to inhibit
uncoupled respiration of rat heart mitochondria [Wasilewski,
M., Wie˛ckowski, M.R., Dymkowska, D. and Wojtczak, L.
(2004) Biochim. Biophys. Acta 1657, 151–163]. The aim of the
present work was to investigate in more detail the mechanism
of the inhibitory eﬀects of NAEs on the respiratory chain. In con-
nection with this, we also investigated a possible action of NAEs
on the generation of reactive oxygen species (ROS) by respiring
rat heart mitochondria. It was found that unsaturated NAEs,
N-oleoylethanolamine (N-Ole) and, to a greater extent,
N-arachidonoylethanolamine (N-Ara), inhibited predominantly
complex I of the respiratory chain, with a much weaker eﬀect
on complexes II and III, and no eﬀect on complex IV. Saturated
N-palmitoylethanolamine had a much smaller eﬀect compared to
unsaturated NAEs. N-Ara and N-Ole were found to decrease
ROS formation, apparently due to their uncoupling action. How-
ever, under speciﬁc conditions, N-Ara slightly but signiﬁcantly
stimulated ROS generation in uncoupled conditions, probably
due to its inhibitory eﬀect on complex I. These results may
contribute to our better understanding of physiological roles
of NAEs in protection against ischemia and in induction of
programmed cell death.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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N-Acylethanolamines (NAEs) are derivatives of fatty acids
in which the carboxylic group of the fatty acid is bound by
an amide linkage to the amino group of ethanolamine. NAEs
and their precursors N-acylethanolamine phospholipids are
present in various mammalian tissues at the amounts ranging
from about 0.1 to over 20 nmol/g (for reviews see [1–3]), butAbbreviations: DCFH2, 2
0,70-dichlorodihydroﬂuorescein; DCFH2-DA,
20,70-dichlorodihydroﬂuorescein diacetate; DCPIP, 2,6-dichlorophenol-
indophenol; FCCP, carbonyl cyanide 4-triﬂuoromethoxyphenylhydraz-
one; NAE, N-acylethanolamine; N-Ara, N-arachidonoylethanolamine;
N-Ole, N-oleoylethanolamine; N-Pal, N-palmitoylethanolamine; ROS,
reactive oxygen species; Dw, mitochondrial transmembrane potential
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doi:10.1016/j.febslet.2005.07.047their content enormously increases under ischemic conditions,
e.g., to 500 nmol/g tissue in canine heart [4] and several fold in
rat brain [5]. N-Arachidonoylethanolamine (N-Ara), named
anandamide, appeared to be an endogenous ligand of the brain
cannabinoid receptor [6,7]. This compound and other NAEs
have been found to promote apoptosis and/or inhibit cell pro-
liferation in various cell types [8]. In contrast to a vast litera-
ture on the action of NAEs through cell surface receptors
(reviewed in [9,10]) much less is known on their interaction
with intracellular structures [11]. In a previous investigation
[12] we characterized NAEs as moderate mitochondrial uncou-
plers and openers of the permeability transition pore. We
also conﬁrmed the observation of Epps et al. [11] that NAEs
exert an inhibitory eﬀect on the mitochondrial uncoupled
respiration. The aim of the present study was to specify more
precisely the site(s) of attack of N-oleoylethanolamine
(N-Ole) and N-Ara on the respiratory chain. We also obser-
ved that these NAEs decreased the production of reactive oxy-
gen species (ROS) by respiring mitochondria, but partly
prevented the decrease of ROS production caused by chemical
protonophores.2. Materials and methods
Rat heart mitochondria were isolated using digestion with nagarse
according to Idell-Wenger et al. [13]. Inside-out submitochondrial par-
ticles were obtained by brief sonication of mitochondria in 10 mM
Tris/HCl (pH 7.4) and subsequent isolation of the particles by ultra-
centrifugation. Disrupted right-sided mitochondria were obtained by
freezing and thawing three times. Except where stated otherwise, the
standard incubation medium contained 150 mM KCl and 10 mM
Mops/KOH (pH 7.4).
Oxygen uptake was measured with a Clark type oxygen electrode
(YSI, Yellow Springs, OH, USA) at 25 C. Spectrophotometric and
spectroﬂuorimetric measurements were made at room temperature that
was close to 25 C using double beam/dual wavelength Shimadzu spec-
trophotometer model UV-3000 and Shimadzu spectroﬂuorimeter
model RF-5000, respectively. Decylubiquinol used as electron donor
for complex III was obtained from decylubiquinone by reduction with
NaBH4 [14]. A small crystal of NaBH4 was added to 10 mM decylubiq-
uinone in ethanol.When the liquid became colourless, it was transferred
to another tube, carefully omitting the crystal. It was then acidiﬁed by
addition of 0.1 volume of 1 M HCl and stored under nitrogen.
For measurement of H2O2 the ﬂuorescent probe 2
0,7 0-dichlorodihy-
droﬂuorescein (DCFH2) was employed [15]. This compound was ob-
tained from its commercially available diacetate ester by alkaline
hydrolysis immediately before experiment. Methanol, 5 mM 2 0,7 0-
dichlorodihydroﬂuorescein diacetate (DCFH2-DA) and 10 mM KOH
were mixed in a ratio of 4:1:20 and this mixture was kept in darkness
at room temperature for 30 min. Then, a 1.5-fold volume of 100 mM
Tris/HCl (pH 7.4) was added to neutralize the mixture. The probe
was then kept on ice in darkness. The assay was performed in 3.0 mlblished by Elsevier B.V. All rights reserved.
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tained, 1 mM EGTA, 5 mM phosphate and the respiratory substrates
5 mM glutamate + 5 mM malate or 5 mM succinate and containing
mitochondria corresponding to 1.0 mg protein. The reactionwas started
by addition of 10 U of horseradish peroxidase and the ﬂuorescence was
measured for 5 min at 500 nm excitation and 530 emission wavelengths.
N-Ara (anandamide), N-Ole, horseradish peroxidase, coenzyme Q1,
decylubiquinone, rotenone, 2,6-dichlorophenolindophenol (DCPIP),
cytochrome c and carbonyl cyanide 4-triﬂuoromethoxyphenylhydraz-
one (FCCP) were from Sigma (St. Louis, MO, USA).N-Palmitoyletha-
nolamine (N-Pal) was from Biomol (Hamburg, Germany). DCFH2-DA
was from Molecular Probes (Eugene, OR, USA). Antimycin A was
from Boehringer (Mannheim, Germany). Stock 60 mM solutions of
NAEs were made in ethanol and kept in dark at 20 C. Those of
N-Ole and N-Ara were, in addition, tightly stoppered under nitrogen.
In all experiments control samples were always run with same amounts
of the solvent alone.3. Results
3.1. Respiratory chain complexes
In the previous investigation [12] we have observed lowering
by N-Ara of mitochondrial respiration with NAD-linked sub-
strates. Such eﬀect might have been due to inhibition of primary
dehydrogenases, of the respiratory chain, or of substrate trans-
port across the mitochondrial membrane, or to a combination
of these factors. To get a closer insight into the mechanism of
this inhibitory action, we now examined the eﬀect of three dif-
ferent species of NAE on the oxidation of NADH by inside-
out submitochondrial particles. In such a system the observed
eﬀect was limited to the action on the respiratory chain only.
It was found that all three species of NAE inhibited the res-
piration of the particles, though to a diﬀerent degree. N-Ara
and N-Ole acted in a similar manner showing half inhibition
at about 30 nmol/mg protein. N-Pal was much less active
and did not reach 50% inhibition (I50) at the highest concentra-
tion used in this study, i.e., 360 nmol/mg protein (Fig. 1).
To localize more precisely the site of inhibition at the respi-
ratory chain level, we used artiﬁcial electron donors and/or
acceptors speciﬁc for the individual complexes. In these exper-
iments mitochondria disrupted by repeated freezing and thaw-Fig. 1. Eﬀect of NAEs on NADH oxidation in submitochondrial
particles. The standard incubation medium was supplemented with
1 mM NADH and 1 mM EGTA. The amount of submitochondrial
particles corresponded to 0.25–1.0 mg protein/ml. Under these condi-
tions oxygen uptake could be completely inhibited by 1.7 lM
rotenone. The data are expressed in percentage of oxygen uptake rate
in the absence of NAE that amounted to 255 ± 106 ng atom oxygen/
min per mg protein (n = 5). The symbols indicate:j, N-Ara;d, N-Ole;
m, N-Pal.ing were used, except for complex II that was investigated in
intact mitochondria.
Activity of complex I was measured using NADH and CoQ1
as electron donor and acceptor, respectively. Antimycin A was
used to block electron transfer to complex III. We found that
the inhibitory patterns of NAEs were in this case similar to
those for the entire respiratory chain. N-Ara at the concentra-
tion of 200 nmol/mg protein inhibited complex I by 80% with
I50 at about 50 nmol/mg and N-Ole was only slightly less active
(Fig. 2A). N-Pal was little active at that concentration. In con-
trast, non-esteriﬁed arachidonic acid inhibited complex I to a
small extent only. Neither reduced glutathione nor dithiothre-
itol had any protective eﬀect against the inhibition of complex
I by N-Ara (not shown).
As mentioned, complex II was measured in intact mitochon-
dria because its activity became strongly reduced by freezing–
thawing or sonication. With succinate as electron donor and
DCPIP as artiﬁcial electron acceptor, this complex was inhib-
ited by N-Ara and N-Ole at concentrations of 200 nmol/mg
protein by 40% and 20%, respectively, and was practically
unaﬀected by N-Pal (Fig. 2B).
Complex III was measured with decylubiquinol and cyto-
chrome c as electron donor and electron acceptor, respectively.
It appeared to be inhibited by about 50% by either N-Ara or
N-Ole at 200 nmol/mg protein (Fig. 2C).
No inhibition of complex IV could be observed with either
of the NAE species used (Fig. 2D).
3.2. Reactive oxygen species
The primary product of single electron reduction of
molecular oxygen in the mitochondrial respiratory chain,
the so-called electron leak, is the superoxide anion ðO2 Þ.
This molecule is usually rapidly converted by mitochondrial
superoxide dismutase to H2O2 that can leave mitochondria
and can be detected in the medium as an indicator of
ROS formation.
Since it has been found previously [12] that NAEs increase
proton conductance of the inner mitochondrial membrane
and have inhibitory eﬀects on the respiratory chain (see also
Section 3.1), in this investigation we compared their eﬀects
on ROS production with those of typical protonophores and
respiratory inhibitors. With glutamate + malate as respiratory
substrates, respiratory chain inhibitors rotenone and antimy-
cin A stimulated ROS production several fold, whereas FCCP
was inhibitory (Fig. 3A). However, FCCP did not signiﬁcantly
diminish ROS production in mitochondria inhibited by rote-
none (Fig. 3A) or antimycin A (not shown). Under these con-
ditions N-Ara appeared to be signiﬁcantly inhibitory when
added alone and was without eﬀect added on top of FCCP
(Fig. 3A), which shows that it acted as an uncoupler rather
than a respiratory chain blocker. A similar eﬀect was observed
for N-Ole (not shown).
With succinate as the respiratory substrate, ROS production
was also maintained at high level because of a high reduction
state of nicotinamide nucleotides due to the reversed electron
ﬂux. As expected, under these conditions ROS generation was
strongly depressed by FCCP (Fig. 3B). Rotenone was much less
inhibitory, although at the concentration used it completely
blocked the reversed electron ﬂow. This was apparently due to
the fact thatNADreductionwas alsomaintainedby endogenous
respiratory substrates and oxidation ofNADH thus formedwas
blocked by rotenone. Such explanation is corroborated by the
Fig. 2. Eﬀect of NAEs and arachidonic acid on the activities of individual respiratory chain complexes. (A) Complex I was measured using CoQ1 as
the artiﬁcial electron acceptor as described by Estronell et al. [14]. The incubation medium contained 50 mM KCl, 10 mM Tris/HCl (pH 7.4), 75 lM
NADH, 2 mM KCN, 3 lM antimycin A and 1 mM EGTA. The amount of disrupted mitochondria corresponded to 20 lg/ml. The rate of NADH
oxidation was recorded at 340–380 nm and was started by addition of 50 lMCoQ1. Activity of complex I was calculated by subtracting the rate after
addition of 1.7 lM rotenone from the total rate of NADH oxidation. It amounted for the control to 297 ± 65 nmol NADH/min per mg protein
(n = 7). (B) Complex II. This was measured in intact mitochondria according to King [16] with modiﬁcation. As electron acceptor DCPIP alone,
without phenazine methosulphate, was used. The standard medium was supplemented with 1.7 lM rotenone, 3 lM antimycin A, 2 mMKCN, 5 mM
succinate, 5 mM phosphate and 1 mM EGTA. Concentration of mitochondrial protein was 0.33 mg/ml. The reaction was started by addition of
100 lM DCPIP and the rate of its reduction was recorded at 600 nm. Complex II activity was calculated by subtracting the reaction rate after
inhibition of succinate dehydrogenase by 1 mM thenoyltriﬂuoroacetone. It amounted to 27 ± 11 nmol DCPIP/min per mg protein (n = 4). (C)
Complex III was measured in disrupted mitochondria using decylubiquinol as the artiﬁcial electron donor and cytochrome c as electron acceptor
according to Trounce et al. [17]. The reaction medium contained 250 mM sucrose, 50 mM Tris/HCl (pH 7.4), 1 mM EGTA, 50 lM cytochrome c and
2 mM KCN. Disrupted mitochondria (10 lg protein/ml) were added, followed 10 min later by 50 lM decylubiquinol and the rate of cytochrome c
reduction during the ﬁrst minute was recorded at 550–540 nm. Complex III activity was calculated by subtraction the rate of cytochrome c reduction
in the presence of 3 lM antimycin A. It amounted for the control to 219 ± 104 nmol cytochrome c/min per mg protein (n = 7). (D) Complex IV. This
was determined by measuring oxygen uptake in a system containing the standard incubation medium supplemented with 100 lM cytochrome c and
5 mM ascorbate. The amount of disrupted mitochondria corresponded to 50 lg protein/ml. Each assay was terminated by addition of 4 mM NaN3
and the activity of complex IV was calculated as diﬀerence between the initial O2 uptake rate and that after inhibition by azide. The control activity
amounted to 543 ± 145 ng atom oxygen/min per mg protein (n = 3). Symbols: h, arachidonic acid; other symbols are the same as in Fig. 1.
Fig. 3. Eﬀect of N-Ara on generation of ROS by mitochondria. The assay was performed in 3.0 ml of the standard medium supplemented with 5 lM
DCFH2, 1 mM EGTA and 5 mM phosphate and the respiratory substrates 5 mM glutamate + 5 mMmalate (A) or 5 mM succinate (B). The samples
contained mitochondria corresponding to 330 lg/ml protein (A) or 67 lg/ml protein (B). Other additions were as follows: N-arachidonoyletha-
nolamine (N-Ara), 100 nmol/mg protein; rotenone (Rot), 1.7 lM; antimycin A (AntA), 3 lM; FCCP, 1.7 lM. The reaction was started by addition of
10 U of horseradish peroxidase. Fluorescence (excitation, 500 nm; emission, 530 nm) was measured 5 min after addition of peroxidase. The results
are means ± S.D. for 5–11 experiments in A and 3–6 experiments in B. Statistical signiﬁcance: **P < 0.01 with respect to the control (A); *P < 0.05
with respect to FCCP alone (B).
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(Fig. 3B). In this rather complex situationN-Ara appeared to be
more inhibitory than rotenone but signiﬁcantly less than FCCP.
Moreover, N-Ara partly but also signiﬁcantly abolished the
inhibitory action of FCCP (Fig. 3B).4. Discussion
The present results conﬁrm previous observations [12] on the
inhibitory eﬀect of NAEs on mitochondrial respiration. We
also show that the inhibition was due to the action on the
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substrate transport. In the present paper, we show that the
most aﬀected point of the respiratory chain is complex I, fol-
lowed by weaker eﬀects on complexes II and III and no inhibi-
tion of complex IV. The action of NAEs thus resembles
qualitatively but not quantitatively that of arachidonic acid
[18] and ceramides (except that ceramides also aﬀected com-
plex IV) [19]. It has to be mentioned, however, that, in contrast
to the results of Cocco et al. [18], in our hands the inhibitory
eﬀect of arachidonic acid on complex I was negligible
(Fig. 2A). This can be explained by the fact that the amounts
of this fatty acid used by these authors, calculated per milli-
gram of submitochondrial particles, were at least three times
higher. This shows again that NAEs are stronger inhibitors
of complex I than corresponding non-esteriﬁed fatty acids.
The nature of the inhibition remains, however, to be fur-
ther elucidated. As found, it was not related to a possible
eﬀect on functional SH groups. The unspeciﬁc and of little
physiological importance membrane-perturbing action of
NAEs in their micellar form can also be excluded. Although
the critical micelle concentration (CMC) of NAEs has not
been, to our knowledge, determined, we can infer from their
chemical structure that it must be higher than that for cor-
responding fatty acids. CMC for arachidonic acid in Ca2+-
free medium has been determined as 20 lM [20], whereas
the absolute concentration of N-Ara in the present experi-
ments with respiratory chain complexes never exceeded that
value. Moreover, CMC values for N-Ole and N-Pal should
be lower. Yet, their inhibitory eﬀects were always weaker
than those of N-Ara. Thus, it can be concluded that all
the observed eﬀects of NAEs were due to their monomeric
forms. At the present state it can only be speculated that
certain NAEs, in particular those with unsaturated fatty acid
moieties, can re-arrange the molecular assembly of particular
respiratory chain complexes by inserting within the phospho-
lipid core of the inner membrane and thus altering its phys-
icochemical integrity.
A similar mechanism may be responsible for increasing pro-
ton permeability described previously [12]. In contrast to non-
esteriﬁed fatty acids, NAEs have no dissociable protons and
therefore it is rather unlikely that they function as protono-
phores. In this context it is interesting to note that ceramides
and NAEs are characterized by three common structural fea-
tures: (i) long hydrocarbon chain(s), (ii) amide linkage and
(iii) free alcoholic OH group. It seems therefore likely that they
may perturb the inner mitochondrial membrane in a similar
way [19].
It is generally assumed that the main sites of oxygen free
radical generation at the mitochondrial level are complexes I
and III of the respiratory chain and that the rate of ROS
production is controlled by factors such as the redox state
of respiratory complexes, the rate of electron ﬂow and the
magnitude of Dw [21–24]. Thus, uncouplers of oxidative
phosphorylation that increase the electron ﬂow through the
respiratory chain and collapse Dw drastically decrease ROS
production, whereas respiratory inhibitors of the electron
transport have usually the opposite eﬀect. Moreover, respira-
tory inhibitors increase ROS production also in uncoupled
mitochondria if they keep the respiratory chain, especially
its complex I, in the reduced form. In this context, N-Ara
(Fig. 3A) and N-Ole (not shown) behaved as typical uncou-
plers rather than respiratory inhibitors. Apparently, in iso-lated heart mitochondria the degree of complex I
reduction is more strongly decreased due to the uncoupling
action of NAEs than it could be increased by their inhibi-
tory eﬀect on the electron ﬂow. This is compatible with
the action of N-Ara on the respiration of these mitochondria
with NAD-linked substrates as illustrated in Fig. 6 of the
previous paper [12] where activation rather than inhibition
of oxygen uptake could be observed. On the other hand,
however, with succinate as the substrate, N-Ara exerted a
slight protection against the inhibitory action of chemical
protonophores (Fig. 3B) that could be due to its weak inhib-
itory eﬀect on the respiratory chain.
These results on isolated mitochondria do not correlate well
with some observations on intact cells and whole organs. For
example, ROS production was elevated in PC-12 cells cultured
in the presence of micromolar concentrations of N-Ara [25]
and in brain mitochondria isolated from rats acutely treated
with this compound [26]. The explanation of these conﬂicting
results and the action of NAEs on in vivo free radical reactions
await further investigation. It has to be remembered, however,
that mitochondria within the cell are not in state 4 but, usually,
rather in an active state approaching state 3. Perhaps, only un-
der such conditions the inhibitory eﬀects of NAEs on the respi-
ratory chain and, hence, their activatory action on ROS
production could be manifested.
The eﬀects of NAEs on isolated mitochondria, as described
in the present work, may contribute to our better understand-
ing of the mechanism(s) by which endocannabinoids protect
cerebral neurons [27] and isolated rat heart [28] against ischae-
mia, but may also elicit apoptotic cell death [2,29].
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